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more than an outstanding scientist 
who contributed greatly to our 
knowledge of the histopathology 
of various brain diseases. He was 
“first and foremost a psychiatrist 
who strove to advance psychiatry 
by using a microscope”. Contrary 
to the growing movement that 
regarded disabled people as 
inferior, Alzheimer treated his 
patients with great compassion.
Today, Alzheimer’s name 
is associated with one of the 
cruellest diseases and the mere 
mention of his name conjures 
up associations of inexorable 
mental decline. However, it 
was his genuine interest in the 
troubles of his patients and his 
discovery of the pathological 
basis of the disease that paved 
the way to a better understanding 
of the processes underlying 
Alzheimer’s disease. These 
fundamental discoveries will no 
doubt contribute to any future 
treatments for the affliction. A 
century after Alzheimer’s first 
description of the disease, 
the growing number of elderly 
individuals worldwide makes 
the need for such treatments 
increasingly pressing. 
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Figure 3. Drawings of neurofibrillary tan-
gles by Alzheimer and published in his 
1911 paper.Evolution of the 
neocortex
Jon H. Kaas
Humans have exceptional skills 
and abilities that largely depend 
on their brains. One of the major 
questions of modern neuroscience 
is to understand how the human 
brain evolved. In general, we 
share brain features and functions 
with other animals in proportion 
to how closely we are related to 
them. Thus, we are more similar 
to our closest living relatives, 
chimpanzees and bonobos, than to 
more distant relatives, such as rats 
and mice, or even more distant still, 
zebrafish. As we make inferences 
about the evolution of the human 
brain, or any other complex brain, 
such as elephant or whale brains, 
from studies of other animals, 
we benefit from an increasing 
understanding of phylogeny and 
thus our relationships to other 
animals. 
Tracing the course of human 
brain evolution
The first question in tracing 
the course of human brain 
evolution is how far back to 
start. We could start with the 
first nervous systems that 
emerged with the evolution of 
multicellular life forms, or the 
early bilateral nervous system 
that insects and vertebrates 
share, but that inverted with 
respect to the dorsoventral body 
axis in vertebrates compared to 
insects. However, for the present 
discussion, it is practical to start 
with early mammals, and focus 
on the neocortex, a part of the 
brain that was greatly modified 
from the thin dorsal cortex of 
reptiles to form the thicker, layered 
neocortex of mammals. As a 
result of over 200 million years 
of divergent evolution, the over 
4600 species of extant mammals 
now vary greatly in overall brain 
size, and especially the amount 
of neocortex. The human brain 
in particular is dominated by two 
very large, highly convoluted 
Primer sheets of neocortex, the most enlarged part of the human brain. 
There are at least four 
complementary approaches we 
can use to determine the course of 
forebrain and neocortex evolution 
from early mammals to humans. 
One is to compare the brains of 
extant mammals and assume that 
features or characteristics held 
in common have been retained 
from a common ancestor. Today, 
this comparative approach usually 
involves a cladistic character 
analysis, and several formal 
procedures have been described. 
In brief, any group of mammals 
that have descended from a 
common ancestor forms a clade, 
and features (characters) held 
in common are parsimoniously 
attributed to that common 
ancestor. Thus, if we consider the 
clade of humans and our closest 
living relatives, the bonobos 
and chimpanzees, then brain 
features we share are likely to 
have been retained from the 
common ancestor of humans, 
bonobos and chimpanzees. If we 
consider the clade that includes 
all mammals, then features widely 
present in mammals across the 
major branches of the mammalian 
radiation are likely to have been 
retained from the first mammals. 
The usefulness of this approach 
depends on how much we 
know about the brains of extant 
mammals.
A second approach is to study 
the fossil record. Because the soft 
tissue of brains does not fossilize, 
this record does not tell us anything 
about the internal organization of 
brains. However, skulls do fossilize, 
and the internal brain case of 
the skulls of mammals conforms 
closely to the size and shape of the 
brain. Thus, endocasts of the brain 
cases can reveal the size, shape, 
and even folding patterns in the 
cortex of the brains of long extinct 
mammals. Brain size — especially 
in relation to body size — is an 
important guide to brain computing 
power and intelligence, while 
differences in brain shape suggest 
differences in the sizes of functional 
compartments of the brain. Finally, 
the pattern of cerebral fissures 
apparent in the endocasts can 
suggest the locations of functional 
divisions of cortex.
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very promising is to make 
conclusions and predictions 
based on scaling rules for brain 
size. As the functions of neurons 
are greatly influenced by brain 
size, larger brains are not simply 
larger versions of small brains. 
Most notably, larger brains have 
more neurons rather than just 
larger neurons. This increase in 
cell number makes it more difficult 
for each neuron to maintain 
its connections with the same 
proportion of other neurons in 
the brain. And as the brain gets 
bigger, interacting neurons get 
further apart, requiring longer 
axonal connections. As distance 
equals time in the nervous system, 
longer axons need to be thicker to 
maintain short conduction times. 
Longer, thicker axons take up more 
space. To reduce such connection 
problems, large brains are likely to 
be more modular in organization, 
emphasizing local as opposed to 
long-distance connections. For 
example, large brains might have 
more cortical areas, not just larger 
cortical areas. In addition, cortical 
areas in each cerebral hemisphere 
might specialize in different 
functions, reducing the need 
for large numbers of thick, fast 
communicating axons between 
hemispheres.
Other scaling rules have been 
empirically derived, such as 
the ‘late makes great’ rule. In 
a range of mammals, Barbara 
Finley and co-workers compared 
the size of major subdivisions 
of the brains to the total brain 
size, thereby providing evidence 
that brain parts made late in the 
course of brain development 
are disproportionately enlarged 
in bigger brains. To a great 
extent, this means that mammals 
with the largest brains devote 
proportionally more of their brains 
to neocortex than mammals 
with the smallest brains. This, 
of course, does not mean that 
neocortex is organized in the 
same way in all mammals with 
large brains, but it does provide 
a useful prediction about the 
proportions of brain parts in 
relation to overall brain size.
A fourth source of information 
that can usefully guide and inform 
theories of brain evolution comes from our growing understanding 
of brain development. Studies 
of the expression, function, and 
regulation of the genes involved in 
the patterning of nervous systems 
help us understand the constraints 
and opportunities imposed on 
the genetic toolbox that both 
preserve ancestral features and 
allow for endless variation in brain 
organization and function.
Given the burgeoning 
information generated by these 
four approaches, what do we 
know about the evolution of the 
human brain from that of the first 
mammals? The short answer is far 
too much to tell here, but a short 
outline is possible. Let’s start over 
200 million years ago with the 
neocortex of the first mammals.
The neocortex of early mammals
The fossil record tells us that early 
mammals were typically small, 
mouse- to cat-sized and that they 
had small brains with very little 
neocortex. We know that olfaction 
was important, because a large 
proportion of the forebrain was 
made up of the olfactory bulb 
and olfactory (piriform) cortex. 
In contrast, the neocortex was 
small, and confined to a thin cap 
on the top of the forebrain that 
did not extend over the midbrain, 
nor have any fissures. It is hard to 
find any extant mammals today 
that have so little neocortex. 
This tells us that the neocortex is 
generally useful, and that more 
is generally better. However, 
there are developmental and 
metabolic costs to having more 
neocortex, and so some mammals 
have found ways to persist and 
maintain sufficient reproductive 
success with very little neocortex.
Tenrecs of Madagascar 
(Figure 1A) are small insect-
eating mammals, much like the 
first mammals. Tenrecs are now 
recognized as members of the 
great superorder, Afrotheria, rather 
than the Insectivore order with 
moles, shrews, and hedgehogs in 
the superorder, Laurasiatheria. In 
shape and size, the forebrain of 
tenrecs closely resembles that of 
early mammals. The neocortex of 
tenrecs is small, thin, and poorly 
differentiated into layers, cell 
types, and architectonically distinct 
regions compared to most other mammals. In addition, the cortex 
is divided into few functional areas 
(Figure 1B). There is evidence for 
a primary somatosensory area, at 
least one additional somatosensory 
field, one or more auditory fields, 
primary and secondary visual 
fields, and a primary motor 
field. There are also limbic and 
retrosplenial fields in the cortex 
of the medial wall of the cerebral 
hemispheres, orbital and frontal 
fields ahead of motor cortex, one 
or two fields in the temporal cortex, 
and perirhinal cortex. But overall, 
the number of cortical fields is 
small, on the order of 15–20 fields, 
compared to an estimated 150 
or more fields in the neocortex 
of humans. When small- brained 
members of the other major 
branches of the mammalian 
radiation are considered — such 
as opossums, armadillos, rats 
and hedgehogs — the same 
pattern of cortical organization 
emerges. The neocortex is small, 
the architectonic differentiation of 
cortex is limited and the number 
of proposed cortical areas is in the 
range of 15–25. 
Consistently, primary (S1) and 
secondary (S2) somatosensory 
areas, primary (V1) and secondary 
(V2) visual areas as well as one 
or more auditory areas are found, 
all of which occupy much of the 
cortical space. These sensory 
areas are present in all or nearly 
all mammals investigated, 
pointing to an ancient origin. 
Orbital frontal and limbic systems 
also appear to have been in place. 
A primary motor area and usually 
one or more secondary motor 
areas are found in all placental 
(eutherian) mammals studied, but 
not in marsupials, and not with 
any certainty in monotremes. 
Overall, it appears that the 
neocortex of early mammals was 
small and poorly differentiated 
into structurally different areas 
with different cell types. The 
cortex was dominated by sensory 
areas, including the well-known 
primary and secondary fields, 
but a separate motor area likely 
did not emerge until the advent 
of placental mammals. All these 
cortical changes represent a great 
advance over the rather simple 
dorsal cortex of the reptilian 
ancestors of mammals.
Current Biology Vol 16 No 21
R912Figure 1. The tenrec brain 
as a model for the brains of 
early mammals.
(A) A small Afrotherian mam-
mal, the Madagascar tenrec 
(Echinops telfairi) sharing 
many characteristics with 
the earliest mammals. (B) A 
dorsolateral view of the ten-
rec brain with major parts 
and subdivisions of neocor-
tex. Neocortex is small and 
subdivided into few cortical 
areas, mainly primary and 
 secondary visual (V1 and 
V2) and somatosensory (S1 
and S2) areas, a primary 
motor area (M1) and an au-
ditory field (Aud).
A
B
Olfactory cortex
Neoco
rtex
Cerebellum
Mid-
brain
Olfactory
bulb
S1
M1
V1
V2
Aud
S2
Current BiologyThe neocortex of early primates
Most early primates were small, 
nocturnal and adapted to the fine 
branches of bushes and trees, 
where they fed on fruits, leaves, 
insects and small vertebrates. 
This lifestyle depended on 
improved visual and sensorimotor 
abilities. The fossil record 
indicates that early primates had 
a considerably larger neocortex 
than other early mammals, but not 
as much as most extant primates. 
In particular, the temporal cortex 
was expanded. This area was 
most likely devoted to vision, as 
it serves this purpose in extant 
primates and the nearest relatives 
of primates, tree shrews.
Early primates gave rise to 
the three major groups of extant 
prosimians (galagos, lorises 
and lemurs) and to anthropoid 
primates, including by most 
estimates the highly specialized 
tarsiers, as well as monkeys, 
apes and humans. Some of the 
present-day prosimians, such as 
galagos (Figure 2), resemble early 
primates in brain size and shape. 
While primate brain organization 
has been experimentally studied 
mainly on monkeys, especially 
the large Old World macaque 
monkeys, studies on galagos have 
been very important in revealing 
brain features that are common 
to both prosimian and anthropoid 
branches of primate evolution, 
and thus are likely to have been 
present in early primates (Figure 2). Given the expanded temporal 
lobes of early primates, it is not 
surprising that all studied extant 
primates demonstrate a greatly 
modified visual system, with an 
increased number of visual cortical 
areas. The first (V1) and second 
(V2) visual areas are enlarged and 
specialized for detailed vision, 
while a number of other visual 
areas are partially segregated 
into a dorsal stream of visual 
processing more devoted to 
action and a ventral stream more 
devoted to object identification. 
The upper temporal lobe of all 
studied primates contains at least 
four areas in the dorsal stream 
that have not been identified 
in any non-primate mammal, 
the middle temporal visual area 
and three associated areas. 
The ventral stream includes the 
dorsolateral visual area (V4) and 
several subdivisions of the ventral 
temporal lobe. The dorsal stream 
areas project to an expanded 
region of the posterior parietal 
cortex, where a series of areas 
use visual, somatosensory 
and auditory inputs to guide 
reaching and other behaviors 
via connections with motor and 
premotor areas of frontal cortex. 
The ventral stream areas relay 
information to the frontal cortex 
where it is stored in short-term 
memory to guide behavior. 
These shared features of primate 
brains, together with shared 
alterations in the organization of the visual thalamus and midbrain, 
indicate that major changes in 
the visual system had already 
occurred by the time of the 
early primates. These changes 
in brain organization improved 
visually guided hand and body 
movements, and the visual 
detection and identification of food 
items, predators, and conspecifics.
The other remarkable change in 
neocortical organization of early 
primates was the elaboration of 
the motor and premotor cortex. 
The mammalian relatives of 
primates — such as tree shrews 
and rats — have a primary 
motor field, M1, and a premotor 
field, M2. Neither field is highly 
devoted to forelimb movements. 
In contrast, both prosimian and 
anthropoid primates have a large, 
well-differentiated M1 with a 
middle portion where electrical 
stimulation easily evokes forelimb 
and hand movements. In addition, 
there are dorsal, ventral and 
supplementary premotor areas, 
as well as several cingulate 
motor areas. Thus, early primates 
emerged with major changes 
in the organization of the visual 
and motor systems, especially 
at the cortical level. While other 
innovations in cortical organization 
also occurred, including those 
in the somatosensory and 
auditory cortex, they were not as 
impressive as the alterations of the 
visual and motor cortex.
Advanced Old World monkeys 
and apes
Early anthropoids gave rise to 
tarsiers, New World monkeys 
and Old World monkeys. We 
do not know much about brain 
organization in tarsiers, except 
that they do have extremely large 
eyes and a very specialized visual 
system. New and Old World 
monkeys share many features 
of cortical organization while 
differing in several ways. In the 
well-studied brains of Old World 
macaques, we find an elaboration 
of the somatosensory cortex, 
so that four well- differentiated 
areas in the anterior parietal 
cortex, areas 3a, 3b, 1 and 
2 of Brodmann, contain 
orderly representations of the 
contralateral body, as they do in 
humans. In addition, the number 
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representations in the cortex of 
the lateral sulcus has increased, 
and serial processing has become 
emphasized so that at least two 
of these areas, S2 and the parietal 
ventral area, depend on input from 
the anterior parietal cortex for 
activation, rather than on direct 
thalamic inputs as in prosimians. 
The visually and somatosensory 
dominated portions of the 
posterior parietal cortex have 
expanded, the number of 
visual areas has increased, 
subdivisions of premotor cortex 
have been added, and the 
dorsolateral prefrontal cortex 
has expanded, along with many 
other modifications. Most of these 
changes likely were present in the 
monkeys that gave rise to apes.
The apes that gave rise to 
chimps, bonobos and humans
Humans have diverged so far in 
brain size, body form and behavior 
from the common ancestor of 
chimpanzees and humans that 
chimpanzee brains are often 
considered to be reasonable 
representations of the brain of the 
common ancestor. For this reason, 
it is especially important to learn 
all we can about the brains of 
chimpanzees and bonobos and, 
for comparison, other apes. 
Because such research falls under 
restrictions that are similar to 
those for research on humans, 
current studies largely involve 
comparisons of the histological 
structure of cortical areas and 
other parts of the brains of apes 
and humans. These studies hold 
much promise, as for example, 
the structural organization of 
even the primary visual cortex 
is considerably different in 
chimpanzees and humans. These 
differences suggest that humans 
have altered the distribution 
of visual information from the 
primary visual cortex to other 
visual areas. Possibly other 
procedures, such as functional 
magnetic imaging, will be 
adapted to explore the functional 
organization of chimpanzee brains 
for further comparison to humans. 
It is also clear that chimpanzees 
have asymmetries in the temporal 
lobe that are seen to a greater 
extent in human brains. Thus, Figure 2. The galago brain.
(A) The cat sized prosimian 
primate, Galago garnetti 
(also known as Otolemur 
garnetti). The brain of this 
prosimian may help us un-
derstand the evolution of 
primate brains. (B) A dor-
solateral view of a galago 
brain. The somatosensory 
areas include area 3b, area 1 
or the caudal somatosenso-
ry area (SC), area 3a or the 
rostral somatosensory area 
(SR), the second area (S2), 
the parietal ventral area (PV) 
and other areas buried in the 
lateral sulcus. Visual areas 
include the first (V1) second 
(V2) and third (V3) visual ar-
eas, the dorsomedial visual 
area (DM), the dorsolateral 
visual area (DL), the middle 
temporal visual area (MT), 
the medial superior tem-
poral area (MST), and the 
fundal area of the superior 
temporal sulcus (FST).
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Current Biologythese asymmetries first appeared 
in our ancestors for reasons other 
than mediating language. Our 
understanding of the huge gap 
between humans and monkeys in 
brain complexity and function can 
be filled only through comparative 
studies in apes.
Modern humans and their close 
fossil relatives
The hominin clade includes 
modern humans, who emerged 
about 190 thousand years ago, 
and all extinct species more 
closely related to humans than 
our closest living relatives, the 
chimpanzees. The hominin clade 
diverged from the one leading to 
chimps 5–8 million years ago, with 
Australopithecus recognized as 
a very early member of the clade. 
Subsequent hominins include 
Homo habilis and Homo erectus. 
Given that all our hominin relatives 
are extinct, and our understanding 
of the functional organization of the 
chimp brain is limited, what can we 
say about the last 5–8 million years 
of hominin brain evolution? Here 
we are limited to the fossil record, 
which is steadily improving. The 
most important observation is that 
brains increased greatly in size, 
especially over the last 1.5 million 
years, from sizes similar to those of 
the great apes to modern human 
brains three times as big. There 
are a few other hints from the fossil record. For example, there 
is evidence from the position of 
a fissure in the endocasts that 
the reduction in the proportional 
size of the primary visual cortex 
of humans compared to chimps 
occurred early in the hominin 
line. There is also evidence 
that hemispheric asymmetries 
associated with right-handedness 
and language increased from early 
to later ancestors. But the increase 
in brain size remains the clearest 
finding. From this important 
observation, we can make several 
tentative conclusions, based on 
probable solutions to scaling 
problems inherent in such an 
increase in brain size. First, it is 
likely that the largest of cortical 
fields stabilized in size, and did not 
proportionally increase with the 
brain. As cortical areas increase 
in size, communication between 
neurons within an area becomes 
increasingly longer and difficult 
to maintain. The functions of an 
area change as the area becomes 
less integrative. The best evidence 
that some stabilization of areas 
in size actually occurred is that 
the easy-to-measure primary 
visual cortex (area 17) is about 
the same size in chimpanzee 
and human brains. Second, the 
brain should become much more 
modular in order to emphasize 
local processing and reduce long 
anatomical connections. There is 
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Chronic jet- lag 
increases 
mortality in aged 
mice
A.J. Davidson, M.T. Sellix, 
J. Daniel, S. Yamazaki, 
M. Menaker and G.D. Block
Despite the fact that 
trans- meridian travel and shift 
work are commonplace in our 
24/7 society, few controlled 
studies have addressed the 
health effects of repeated 
phase shifts of the biological 
clock. Shift work [1] and chronic 
jet- lag [2] reduce mental acuity 
and increase the risk of a 
number of medical problems, 
including cancer, peptic ulcers 
and sleep disorders. Some 
of these problems become 
more severe with the number 
of years on the job, the result 
either of cumulative damage 
or the increased age of the 
subjects [3]. In general, morbidity 
associated with many organic 
disorders is increased in the 
aged; however, the role played 
by age-associated alterations 
in the circadian clock is poorly 
understood. In particular the 
effect of repeated schedule 
changes is largely unaddressed. 
Here we report evidence that 
chronic jeg-lag increases 
mortality rates in aged mice.
We were led to the current 
experiment by an observation 
in an unrelated study where we 
found that three of eight aged 
transgenic rats exposed to a 6 
hour advance of the light cycle 
died following the light schedule 
change. In contrast, no deaths 
were observed if the light cycle 
was delayed. In order to explore 
whether the effects of light 
schedule changes on longevity 
were reproducible in a larger 
study and observable in another 
rodent species, we placed young 
(8–12 month old) and aged (27–31 
month old) C57BL/6 male mice 
on one of three lighting regimens 
for eight weeks. Nine young and 
30 aged mice were maintained 
on a normal 12:12 light–dark 
cycle. A second group of young 
(n = 9) and old (n = 30) mice was 
exposed to a 6 hour advance of 
the light-cycle once every seven 
days. The third group of young 
(n = 9) and old (n = 28) mice was 
phase- delayed by 6 hours once 
every 7 days. The rotating light 
schedules were chosen to effect 
large phase adjustments of the 
circadian system each week, 
such as would be expected to 
occur during flight across time 
zones or in some situations 
during rotating shift work cycles.
While younger mice fared well 
on this 8 week schedule (only 
one death occurred), we found 
that aged mice were significantly 
affected by light schedule 
changes (Figure 1A,B). At the 
end of the 8 week period of light 
schedule rotations there was 
47% survival in animals whose 
light cycle was advanced each 
week, 68% in those experiencing 
delays of the light cycle and 
83% in unshifted aged mice (chi 
square, all groups, p< 0.05 on 
Day 54). Importantly, chronic 
stress was not implicated in 
this phenomenon as total daily 
fecal corticosterone levels 
did not increase in aged mice 
undergoing phase advances or 
phase delays (see Figure S1 in 
the Supplemental data published 
with this article online). 
To determine whether the 
effects of phase advances on 
mortality might be related to 
the duration between schedule 
changes, mice were shifted 
more rapidly, every 4 days. On 
this schedule, we found that 
advancers died more quickly 
than with weekly shifts (Figure 
1C; 60% survival on Day 24). 
Delayers fared much better than 
advancers (chi square p < 0.05 
on Day 32). The data suggest 
that the asymmetry in mortality 
rates between animals exposed 
to light schedule advances and 
delays persists and is possibly 
enhanced with the shorter 
inter- shift interval of 4 days. 
Our data show that 
phase- advancing the light cycle 
hastens the death of aged mice. 
The mechanism underlying the already extensive evidence from 
fMRI and architectonic studies 
that the human brain contains 
many more cortical areas (possibly 
150 or more) than the brains of 
macaque monkeys. One would 
also expect areas to be more 
frequently subdivided into sets of 
modules or columns of functionally 
related neurons, such as the 
three types of bands of neurons 
subdividing the second visual area, 
V2, of primates, but there is only 
limited evidence for this. However, 
the premise that hemispheric 
asymmetries increase with 
brain size in order to reduce the 
need for costly interhemispheric 
communication is well supported 
by the extensive evidence for 
hemispheric specializations 
in the human brain related to 
handedness, language, attention, 
memory and object recognition.
In conclusion, an outline of the 
course of the evolution of the 
human brain is starting to emerge. 
Great progress in the gathering 
of relevant data has occurred 
over the last 20–30 years. A more 
complete description could easily 
occupy a series of volumes, and 
interested readers are invited to 
read further. Most importantly, 
there is much yet to be gained 
by applying current methods 
of investigation so that future 
reviews can be better informed 
and greatly enriched.
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